Abstract Numerous attributes render the domestic dog a highly pertinent model for cancer-associated gene discovery. We performed microarray-based comparative genomic hybridization analysis of 60 spontaneous canine intracranial tumors to examine the degree to which dog and human patients exhibit aberrations of ancestrally related chromosome regions, consistent with a shared pathogenesis. Canine gliomas and meningiomas both demonstrated chromosome copy number aberrations (CNAs) that share evolutionarily conserved synteny with those previously reported in their human counterpart. Interestingly, however, genomic imbalances orthologous to some of the hallmark aberrations of human intracranial tumors, including chromosome 22/ NF2 deletions in meningiomas and chromosome 1p/19q deletions in oligodendrogliomas, were not major events in the dog. Furthermore, and perhaps most significantly, we identified highly recurrent CNAs in canine intracranial tumors for which the human orthologue has been reported previously at low frequency but which have not, thus far, been associated intimately with the pathogenesis of the tumor. The presence of orthologous CNAs in canine and human intracranial cancers is strongly suggestive of their biological significance in tumor development and/or progression. Moreover, the limited genetic heterogenity within purebred dog populations, coupled with the contrasting organization of the dog and human karyotypes, offers tremendous opportunities for refining evolutionarily
Introduction
It is estimated that in 2008, 22 ,000 Americans will be diagnosed with cancer of the nervous system, equivalent to 6.5 people per 100,000 individuals in the US population. Over 13,000 people will succumb to the disease [1] . While advances have been made in the development of improved diagnostic and prognostic tools and therapeutic modalities for brain tumors (see [2] for a review), progress has generally been slow. More recently, focus has shifted towards a better understanding of the molecular basis of cancer. Numerous studies of human brain tumors have revealed specific chromosome aberrations that appear to be associated with tumor histology, clinical grade, therapeutic response and/or metastatic potential (see [3] [4] [5] for a review). Other aberrations appear to be random consequences of uncontrolled cell proliferation, and yet more are present at such low frequency that their significance has not yet been established. Despite the spectrum of resources and techniques now available for human molecular studies, identification of the key genes involved in these cytogenetic aberrations has met with varying degrees of success. Moreover the successful translation of molecular findings into meaningful clinical enhancements has been limited [6] , with relatively little known about the specific genetic factors that define risk and response to therapy.
The traditional rodent model of brain neoplasia presents with several crucial limitations, among which are the reduced genetic homogeneity and invasiveness of xenograft tumors and the requisite immune-deficient nature of the host, which hamper the ability to make direct and meaningful comparisons with spontaneous tumors of human patients (for example [7] ). We, and others, have proposed that the domestic dog represents a compelling additional model, perhaps most significantly because unlike the rodent system, canine brain tumors occur spontaneously and with an incidence similar to (if not higher than) that of human populations [8, 9] . Human cancers of the nervous system are primarily diseases of middle and old age, with 67% of cases diagnosed in individuals aged 45 years or older [1] . Similarly, over 70% of such tumors in the dog occur in 'middle-aged' and older animals (age six or above), at a rate equating in both species to approximately 1-3% of adult deaths [9] . The clinical and histologic presentation of human and canine brain tumors is almost identical and they are classified according to similar diagnostic criteria in both species [9] [10] [11] [12] . Interestingly, dog and human counterparts of certain brain tumor subtypes share key histopathological features that appear to be absent in rodent models [13] . Given the anatomical and physiological similarities between dogs and people, surgical procedures are highly translatable. Moreover, the increasing profile of the veterinary neurosurgery field means that sophisticated diagnostic and therapeutic capabilities for canine brain tumors are now widely available in specialist veterinary care establishments worldwide, alongside numerous exciting clinical and basic science research studies. While there are certain logistical challenges associated with performing clinical trials in companion animals (for example, rate of patient accrual, elevated expense over rodent systems; see [7] for a review), there is immense potential to exploit the dog as a preclinical model for development and evaluation of novel brain tumor therapies (for example [14] ). The many attributes of spontaneous canine brain tumors as a model system may also help to expand the increasingly attractive stem cell hypothesis for cancer development (for example [15, 16] ), which represents one of the most crucial and pressing goals of molecular medicine.
As with many other cancers, clinical management of intracranial tumors in both human and veterinary medicine is challenged by the variation in outcome that exists between different morphological subtypes and grades of tumor cell differentiation. There is an increasing need to develop more clinically relevant systems for disease classification, with the ultimate goal of tailoring therapy to the individual patient. It is likely that novel indicators of diagnosis and prognosis will emerge through endeavors within the emerging field of molecular oncology. The many attributes of the domestic dog as a model for gene discovery, and the wealth of resources available for genomic studies in this species, suggests that the dog has great potential to contribute towards advancements in our understanding of tumor pathogenesis at the molecular level. In particular the restricted genetic variation that exists within purebred dog populations [17] provides an opportunity to scan the genome for tumor-associated genomic lesions that may not be readily detectable in the more heterogeneous genetic background of human populations. Interestingly, in the dog, predisposition to intracranial tumors is highly breed-related and demonstrates a particularly strong association with cranio-facial morphology. Brachycephalic (short-nosed) breeds have an elevated incidence of tumors of glial cell origin as compared to the general population (reviewed in [9, 18] ). In contrast, mesocephalic (moderate length nose) and doliochocephalic (long-nosed) breeds are more highly predisposed to tumors of the meninges. Dog breeds with elongated cranio-facial morphology are particularly highly represented among family-owned pets in the US, which correlates with a relative inversion in the incidence of meningiomas versus gliomas in dogs, as compared to human populations. This suggests that there may be a strong genetic component to intracranial tumor development and progression that may be characterized through genome-wide evaluation of spontaneous dog malignancies. Consequently we propose that by studying canine brain tumors we may more readily identify underlying genetic factors that have to date been hidden amongst the background 'noise' associated with more heterogeneous human populations.
Consideration of the dog as a model for intracranial tumors offers a unique and exciting opportunity to gain new insight into the underlying genetic etiology of this devastating range of neoplasms, with potential for significant clinical benefit to both species through the identification of specific molecular factors that define disease risk and prognosis. Towards this goal, we present data from the first reported application of microarray-based comparative genomic hybridization (aCGH) analysis to the study of spontaneous dog intracranial tumors, using a 1 Mb resolution, genome assembly-integrated microarray platform. We describe and compare their cytogenetic profiles, and draw comparisons with evolutionarily-related regions of the human genome, to assess evidence for conserved genomic changes associated with intracranial neoplasia in both species. We highlight imbalances of chromosome regions that are significantly associated with disease subtype that have not previously been identified as highly significant in human populations. These regions warrant further investigation to determine whether they harbor factors involved in the biology of brain tumors that may reveal novel targets for therapeutic design. The compilation of these data will also aid development of additional diagnostic and prognostic markers for canine brain tumors, which may equally prove informative in the human counterpart.
Materials and methods

Case materials
Tumor specimens (n = 60) were recruited from clientowned dogs admitted to the College of Veterinary Medicine at North Carolina State University and the University of California at Davis from 2001 to 2006. All specimens were acquired prior to initiation of chemotherapy or radiotherapy, and under approved protocols with informed client consent. A total of 54 cases underwent routine diagnostic evaluation that included magnetic resonance imaging (MRI) or computed tomography (CT) of the brain. The remaining six cases did not undergo detailed diagnostic evaluation since the owners opted for euthanasia (based on the severity of neurological signs) and tumor tissue specimens were acquired at necropsy.
Representative brain tumor tissue specimens (retrieved either as surgical biopsies, n=34 cases or at necropsy, n=26 cases) were (1) used to initiate primary cell cultures in RPMI-1640 medium supplemented with 10% fetal bovine serum, (2) snap-frozen in liquid nitrogen for subsequent DNA extraction, and (3) formalin-fixed and paraffinembedded for histological evaluation of hematoxylin and eosin (H&E)-stained sections. Standard morphological features were used to define the histological subtype and grade of each tumor [9, 12] . Tumor specimens were reviewed independently by two veterinary pathologists (RH, KL). Fixed tumor specimens were also stained for glial fibrillary acidic protein (GFAP) and vimentin using standard immunohistochemical techniques [19] . aCGH analysis DNA was isolated from snap-frozen tumor tissue by conventional methods. aCGH analysis was carried out using a genomic microarray comprising 2097 cytogeneticallymapped clones from the CHORI-82 dog BAC library (http://bacpac.chori.org, BACPAC Resources, Children's Hospital Oakland Research Institute, Oakland, CA), distributed at approximately 1 Mb intervals throughout each dog autosome and the X chromosome (mean interval 1.10 Mb, range 0.28-3.28 Mb), in addition to clones representing canine orthologues of 53 human genes associated with a range of cancers [20] . aCGH analysis was performed as described previously [20, 21] using either the patient's own blood-derived DNA, if available, or equimolar pools of DNA isolated from 10 or more healthy, sex-matched individuals of the same breed, as the reference sample. Locations of BAC clones are denoted herein according to their chromosome of origin and then their Mb position on that chromosome, according to the dog genome assembly (for example, CFA 1; 3.2 Mb). Cytogenetic assignments are reported according to the DAPI-banded dog karyotype nomenclature of Breen et al. [22] . Regions of conserved synteny between the dog (CanFam v2.0) and human (build 36.1) genomes are based on comparative genome sequence assembly data located at http://genome.ucsc.edu [23] .
aCGH data were assessed using Fisher's exact test to identify significant associations between tumor type and the copy number status of whole chromosomes and chromosome regions. Tumor cases were first scored according to their copy number status for each chromosome (balanced, gain or loss), based on the aCGH Smooth algorithm [24] . For those chromosome aberrations present in more than 40% of the cohort, a binary categorization was then used where each tumor case was scored as one when that aberration was present, and as zero when not present. The pairwise phi correlation coefficient between any two aberrations (A and B) was defined as r ¼ ðp AB À
The significance of association between all pairwise combinations of these chromosome aberrations was then assessed using Fisher's exact test. Hierarchical cluster analysis of all tumor cases was performed using the function hclust in software R with the Euclidean distance measure and the complete linkage clustering algorithm. All statistical assessments were performed using software R 2.7.0.
Evaluation of genomic imbalances by single-locus probe FISH analysis
Interphase nuclei were prepared for FISH analysis by direct harvest of primary tumor cells using conventional techniques of hypotonic treatment and methanol/glacial acetic acid fixation. For consistency, these cells were prepared from the same biopsy specimen from which the tumor DNA was isolated for aCGH analysis. Multicolor FISH analyses were carried out as described elsewhere [25] using BAC clones from the 1 Mb array as single locus probes (SLPs) to investigate regions showing a range of normal and aberrant copy number ratios in aCGH. The same probes were hybridized to dog chromosome preparations from clinical healthy dogs to confirm their normal copy number and expected chromosomal location. Images were acquired from a minimum of 30 representative cells in each instance, and the copy number status of each probe was scored by two independent investigators with no prior knowledge of the corresponding aCGH data.
Results
Diagnostic evaluation of canine intracranial tumors
A total of 60 canine intracranial tumors were analyzed by aCGH, comprising 35 meningiomas and 25 gliomas ( (10/25) were classified as oligodendrogliomas, 36% (9/25) were classified as astrocytomas, 16% (4/25) as oligoastrocytomas (mixed gliomas) and 8% (2/25) as ependymomas. The distribution of tumor types and subtypes was consistent with other published case series [26] [27] [28] .
Global incidence of aneuploidy in dog intracranial tumors aCGH analysis revealed a wide range of recurrent genomic imbalances both within and between tumor cases (see Fig. 1 for an example). Six cases (one glioma and five meningiomas) showed no evidence of aneuploidy, and were excluded from downstream analysis. The remaining 54 cases were scored initially according to their copy number status for each chromosome (balanced, gain or loss), based on the aCGH Smooth algorithm [24] in order to provide a global overview of recurrent aneuploidy (Fig. 2a) . Genomic gains and losses in meningiomas were comparable in number (6.8% and 3.9% respectively). In contrast, in gliomas, chromosome gains were four times as common as losses (25.5% gain vs. 4.8% loss, Fig. 2 ). aCGH analysis demonstrated that 19 dog chromosomes showed significant (p \ 0.05) differences in copy number status between meningiomas and gliomas, consistent with their unrelated cell origin. Of these, 17 were changes that were specifically associated with gliomas, reflecting the relative simplicity of the typical dog meningioma genome in comparison to tumors of glial cell origin. Deletions of dog chromosome 17 (CFA 17) and CFA 27 comprised just greater than one-fourth (26.4%) of all copy number changes in meningiomas, and represented 72.7% of all losses. Four chromosomes (CFA 5, 20, 29 and 37) exhibited a normal copy number in all meningiomas. In contrast, with the exception of CFA 6, each dog autosome was aneuploid in at least one glioma case.
Recurrent chromosome copy number aberrations in dog meningiomas
Among 30 cases of canine meningioma that showed evidence of gross aneuploidy, the characteristic cytogenetic features (Fig. 2a) increases were infrequent among meningiomas, of which gains of CFA 19 and CFA 26 were the most common (6/24 cases, 20%). No other whole chromosome aberrations were observed in C20% of meningioma cases. Of the 12 cases with loss of CFA 27, 10 also showed loss of CFA 17, indicating a strong positive association between these aberrations (p = 0.83). In contrast, gain of CFA 19 and loss of CFA 27 were mutually exclusive events in meningiomas, since there were no instances in which both these aberrations occurred within the same case. There was no significant association between any other pairwise combinations of these four most common aberrations. The distribution of these four aberrations was not significantly different when meningiomas were classified according to their clinical grade.
Recurrent chromosome copy number aberrations in dog gliomas
In contrast to meningiomas, dog gliomas showed extensive genomic complexity, with a high incidence of genomic gain accompanied by a lower background of genomic loss (Fig. 2b) For gender: M = intact male; Mc = neutered male; F = intactfemale; Fs = spayedfemale Fig. 1 a Example whole genome aCGH profile from analysis of a grade I meningioma from a 10 year old male Golden Retriever, cohybridized with male reference DNA. Data are plotted as the median, block-normalized and background-subtracted log 2 tumor DNA:reference DNA ratio of the replicate spots for each arrayed BAC clone. Log 2 ratios representing genomic gain and loss are indicated by horizontal bars above (green line) and below (red line) the dashed midline (orange line) that represents normal copy number. The chromosome copy-number status line for the tumor appears as an orange overlay of the center-line when there is a normal copy number, and as either red (loss) or green (gain) in regions where genomic imbalances were apparent, as determined by the aCGH Smooth algorithm [24] . Here, chromosome gain is apparent for CFA Among those aberrations present in C40% of gliomas (gains of CFA 7, 9, 10, 13, 16, 17, 20, 34, 35 and 38, and loss of CFA 22), certain pairs of aberrations showed significant positive correlation (Fig. 3) . This indicated that both aberrations occurred within the same case more frequently than would be predicted on the basis of their independent incidence in the population. A particularly strong association (p \ 0.01) was identified between five (Fig. 3) . No significant negative association was observed between any pairs of chromosome aberrations. Comparison of grade II and III dog astrocytomas (n = 7) with grade II and III oligodendrogliomas (n = 9) did not reveal any significant difference in the distribution of their copy number changes. In contrast, comparison of all grade II dog gliomas (n = 12) with grade III and IV cases (n = 10) revealed that grade II tumors are significantly associated with copy number gain of CFA 20 (p = 0.006) and gain of CFA 35 (p = 0.03). The number of other glioma subtypes was insufficient to make these comparisons.
Hierarchical cluster analysis of intracranial tumors
Evaluation of whole chromosome copy number changes in all 60 tumor cases resulted in global segregation of meningiomas and gliomas into distinct clusters (Fig. 4) , with a further grouping of cases with no detectable genomic imbalances. Tumors did not cluster tightly according to histological subtype or clinical grade; it is likely that analysis of a larger case series will be required in order for such trends to become apparent. Several meningioma cases clustered more closely with gliomas than with other meningiomas (including M12, M14, M21, M24 and, M34), displaying many of the chromosome gains that were recurrent within gliomas. Of these cases, M12, M21 and M34 showed neither the recurrent loss of CFA 17 nor of CFA 27, which in the present study was characteristic of meningiomas, while M24 and M14 exhibited one or both of these aberrations. With one exception there was no clinical or histological indication that these tumors were not typical of their subtype. In the case of tumor M34, re-evaluation of histological specimens revealed features of cell morphology and immunohistochemical staining that were inconsistent with classical meningiomas, but the case could not be classified unequivocally into a specific tumor subtype. Similarly, four gliomas clustered among meningiomas, namely G06, G07, G12 and G20, primarily due to the small number of genomic aberrations present as compared to other gliomas, for which again there was no apparent clinical or histological explanation. More detailed diagnostic evaluation of these outliers will be performed in downstream studies. Fig. 2 Incidence of recurrent chromosome copy number changes in a meningiomas (n = 30 cases) and b gliomas (n = 24 cases). Tumors displaying a normal copy number throughout the genome were excluded from analysis. Each dog autosome is listed along the x-axis, and the y-axis indicates the percentage of the corresponding tumor population that showed copy number gain (green bar above the x-axis) or loss (red bar below the x-axis). The rightmost bars (x = 'ALL') show the mean incidence of copy number gain and loss across all chromosomes. Asterisks along the x-axis indicate those chromosomes for which the incidence of recurrent copy number gain or loss differed significantly between the meningiomas and glioma cases analyzed in the present study (* indicates p \ 0.05, ** indicates p \ 0.01)
Discussion
We have shown previously that evolutionarily conserved chromosome aberrations exist in human and canine lymphoma, osteosarcoma, leukemia and soft-tissue sarcomas [21, [29] [30] [31] , indicative of a common underlying genetic etiology. We have established that certain tumor-associated genomic aberrations are highly associated with specific dog breeds [32] , suggestive of a heritable risk for development of these malignancies. Importantly, these studies have begun to reveal dog tumor-associated chromosome abnormalities for which aberrations of the orthologous regions of the human genome have not been reported widely in the human counterpart. We suggest that this finding is a consequence of the relative homogeneity within purebred dog population and that detailed evaluation of these genomic regions, particularly when targeted to specific breeds, may unearth genes whose key role in defining the risk and progression of tumorigenesis has not yet been recognized in human patients. We propose that a comparative cytogenetic analysis of canine and human intracranial tumors will reveal the subset of evolutionarily-conserved genomic changes that are intimately associated with the disease process among the multitude that are secondary effects of tumor-associated genomic instability. Towards this goal we present microarray-based cytogenetic profiling data from 60 spontaneous intracranial dog tumors, comprising 25 gliomas and 35 meningiomas.
Identification of two characteristic genomic imbalances in canine meningiomas
Meningiomas are frequently benign, slow-growing mesenchymal tumors arising from the arachnoid cells forming a layer of the meninges, the membranes that surround the brain and spinal cord. Since they do not arise from brain parenchyma itself, they are more correctly referred to as intercranial neoplasms. While meningiomas represent approximately 25% of adult primary brain tumors in human patients [12] , they comprise up to 40% of all canine intracranial neoplasms [9] , which largely reflects the enormous popularity of medium/long-nosed dog breeds. The elevated incidence of meningiomas in the dog, as compared to human populations therefore renders them of particular clinical concern in veterinary medicine. The clinical presentation and histopathology of human and dog meningiomas are highly comparable and they have been shown to share similar immunophenotypes and gene expression profiles [9, 12, 33] . Our results showed reduced genomic instability in dog meningiomas as compared to gliomas (Fig. 2) , which is consistent with the typically less-aggressive nature of meningioma in both human and veterinary medicine. The most commonly encountered and least aggressive grade I meningiomas of human patients often present with no gross genomic imbalances [9, 12, 34, 35] . Similarly, in our study, grade I tumors comprised 79% of the dog meningioma population (26 of the 33 cases with confirmed clinical grade) and included five of the six dog tumor cases that presented with no evidence of recurrent genomic imbalance. There was no evidence for significant differences in the patterns of chromosome aberrations of the two most numerous of our dog grade I meningioma subtypes, the meningothelial and transitional forms. This is consistent with reports that cytogenetic profiles of human meningioma subtypes that fall within the same histological grade are typically highly conserved (for example [35] ), but that they vary more extensively between tumors of different grades. Consistent with their relative infrequency in dog populations (for example [28] ), the number of grade III meningiomas that was available in the present study was insufficient to determine whether there was evidence for increasing genomic instability in higher grade tumors, as has been reported in the human counterpart (for example [34, 35] ). The hallmark genomic imbalance in human meningioma, present in approximately 50-75% of cases of all grades, is monosomy of human chromosome 22 (HSA 22) ( [35, 36] and others), which frequently (but not always) results in loss of the tumor suppressor gene NF2. In our dog meningioma panel we did not detect recurrent deletions of the regions of CFA 10 and CFA 26 that share conserved synteny with HSA 22 and there were no instances of deletion of the region of the canine genome specifically encoding NF2 (CFA 26; 26 Mb). Moreover, expression array analyses of an overlapping meningioma case series (39 cases, of which 19 cases in common with the present study) have revealed no evidence for global under-representation of NF2 gene expression (Thomson et al., manuscript in preparation). This suggests that genomic deletion of sequences orthologous to HSA 22, and particularly the NF2 region, may not constitute as integral a role in dog meningiomas as is the case for its human counterpart. The small segment of sequence conservation shared by HSA 22qprox and CFA 27qtel, deletions of which are highly recurrent in human and canine meningiomas, respectively, now raises the intriguing possibility that this region may harbor as yet unidentified genes that are fundamental to the development of these tumors in both species.
In human patients the transition from a benign grade I meningioma to a more aggressive, higher grade malignancy has been associated with stepwise accumulation of several key molecular events, including a small subset of recurrent chromosome losses and a wide range of gains [37, 38] ; reviewed in [3] . Among these, transition from grade I to grade II frequently involves gains of HSA 1q, 9q, 12q, 15q, 17q and 20, and losses of HSA 1p, 6q, 10, 14q and 18q [35] . Loss of HSA 9p (including the p16/CDKN2A gene region) and amplification of HSA 17q have been proposed as additional events that accumulate in the progression of a grade II to grade III meningioma [35] . There were no instances of p16/CDKN2A (CFA 11; 44 Mb) deletion in the present dog meningioma study panel, nor was there recurrent loss of the dog chromosome regions orthologous to HSA 9 (CFA 9qdist and 11) or gain of the regions orthologous to HSA 17q (CFA 9) in any of the grade III dog meningiomas. Thus, we did not find evidence that these changes are conserved in high-grade dog meningiomas, although this may simply reflect the limited number of such cases available for analysis.
Deletion of HSA 1p has long been linked with initiation and progression of meningioma (for example [35] ), and is associated with poor prognosis (for example [39] ), in direct contrast with gliomas ( [40] [41] [42] [43] [44] [45] [46] and others). In the present study loss of CFA 17 was observed in 20/30 cases [67%] of meningiomas that showed evidence of aneuploidy. CFA 17q22-q24 shares evolutionarily-conserved synteny with HSA 1p13.2-q21.3, thus it would be interesting to establish whether this region of HSA 1p has particular biological significance in the pathogenesis of human meningioma. Similarly, loss of CFA 27, which shares conserved synteny with HSA 12p-qprox, was highly recurrent in dog meningiomas, occurring in 40% of the cases that showed evidence of aneuploidy (12/30 cases). Recurrent loss of HSA 12p has indeed been reported in human meningioma patients (for example [35] ) but has received little attention due to its relatively low incidence compared to other genomic imbalances. In light of the findings of the present report it will be interesting to monitor the relative incidence and significance of these orthologous chromosome regions in more extensive studies of canine and human meningiomas, since this may further refine the site of the key sequences in both genomes that are intimately associated with meningioma development. Moreover, the highly non-random nature of loss of both CFA 17 and 27 in meningiomas suggests a fundamental biological basis for their manifestation, which warrants detailed evaluation in future studies.
Detection of diverse and extensive genomic instability in canine gliomas
As with their human counterparts, our analyses revealed extensive complexity and diversity in the cytogenetic profiles of canine gliomas, the second most common intracranial tumors of dogs ( [26] and others). Gliomas, a diverse group of neuroepithelial tumors originating from the glial cell lineage, represent approximately 50-70% of primary human adult brain tumors [11] . Unequivocal histological distinction between gliomas of astrocytic, oligodendrocytic and ependymal cell origin can be highly challenging [47] and there is considerable interest in developing a molecular means to extend existing diagnostic modalities, through identification of subtype-specific genomic aberrations. Several studies have, however, shown that tumors of glial cell origin, particularly astrocytomas and oligodendrogliomas, as well as the mixed gliomas (oligoastrocytomas) that comprise both these cell lineages, share many common chromosome aberrations, although their relative frequency may differ between subtypes (for example [3, 4] ). The present study showed that there was no significant difference in the distribution of copy number changes when comparing dog astrocytomas and oligodendrogliomas of the same grade, consistent with the outcome of clustering analysis (Fig. 3) . The number of ependymomas was too small to make this comparison. Ependymomas are relatively infrequent in both human and canine populations; consequently relatively little is known about their cytogenetic basis, and typically they too present with cytogenetic profiles highly similar to those of other glioma subtypes, (reviewed in [3] ). Of the two dog ependymomas in the present study, one showed a grossly normal karyotype, whilst the other presented with chromosome aberrations that overlapped fully with those found among the rest of the glioma case panel.
It has been suggested that cytogenetic aberrations may in fact be more highly associated with glial tumors of the same histological grade rather than tumors of the same histological subtype [48] . In the present study of dog gliomas we identified two chromosomes (CFA 20 and 35) whose copy number status was significantly associated with grade. This suggests that as in human patients, the histological grade of dog gliomas is a greater determining factor in their cytogenetic profiles than is the histological subtype. In human patients, gliomas are associated with step-wise accumulation of characteristic molecular defects in their progression from a low-grade to a high-grade tumor, which is associated with decreased median survival (reviewed in [3] ). The present study shows that certain of these characteristic aberrations also accumulate as evolutionarily-conserved genomic imbalances in the dog counterpart. Gain of HSA 7 is a characteristic event in early development of gliomas [4] . HSA 7 shares extensive conserved synteny with CFA 14, and also with smaller regions of CFA 6, 16 and 18. Gains of CFA 14 and CFA 18 were not highly recurrent in our dog gliomas (each present in only 5/24, 21% of cases) and there were no gains of CFA 6; however gain of CFA 16 was among the most common copy number changes we observed (15/24, 63% of cases, including 5/9 astrocytomas and 7/10 oligodendrogliomas). HSA 7p gain, consistent with amplification of the EGFR gene (HSA 7; 55.1 Mb), is a particular hallmark of human high-grade astrocytomas [4] . Elevated EGFR expression has been identified previously in several studies of canine astrocytomas (for example [26, 27, 49, 50] ). Consistent with these findings, in the present study, the dog orthologue of EGFR (CFA 18, 9.0 Mb) showed increased genomic copy number in both grade IV astrocytoma cases, as well as two grade II mixed gliomas. Human gliomas also share a high incidence of gain of HSA 8q, including the MYC oncogene (HSA 8; 128.8 Mb) . This is consistent with gain of CFA 13 (including MYC, CFA 13; 28.2 Mb) in 63% (15/24) dog gliomas, an aberration that we have shown previously also to be highly recurrent in a wide range of other dog tumor types [21, 30, 31] . HSA 8q also shares conserved synteny with CFA 29, gained in 29% (7/24) gliomas, five of which were astrocytomas. Losses of HSA 9 (including p16/ INK4A), HSA 10q (including PTEN) and HSA 19q are common to both astrocytomas and oligodendrogliomas in human patients; however we did not detect recurrent aberrations consistent with these aberrations in dog gliomas, as deletions of CFA 9/11, CFA 4/28 and CFA 1, respectively. Losses of HSA 10q and 19q are particularly associated with progression from low to high-grade tumors, and thus a focused analysis of an extensive panel of high-grade dog gliomas will be necessary to determine their incidence in canine patients.
Deletion of HSA 1p is a key hallmark aberration shared by astrocytomas and oligodendrogliomas, but with opposing prognostic significance. Approximately 60-80% of patients with oligodendrogliomas demonstrate a combined deletion of HSA 1p and HSA 19q through an unbalanced chromosome translocation [51] that is rarely encountered in astrocytomas (for example [47, 52] ). Particularly in the absence of any other gross aberrations, this aberration confers increased chemosensitivity and in turn an increased survival time, as compared to glioma patients that present without these genomic imbalances ( [53] [54] [55] [56] [57] and others). Molecular studies of human oligodendrogliomas therefore represent one success story in which this approach has been translated into a meaningful improvement in predicting prognosis for cancer patients. Interestingly, none of our dog glioma cohort demonstrated extensive recurrent genomic losses of regions corresponding to HSA 1p/19q, namely CFA 2qtel, 5qmid, 6qdist, 15qprox, 17qtel and 1qdist. If this observation is upheld in additional studies, the HSA 1p/19q prognostic factor may therefore not be translatable to the canine counterpart. This would have immense significance within the concept of a comparative approach to molecular medicine. In turn, if this genetic aberration is not evolutionarily conserved, detailed evaluation of its precise role in the initiation and evolution of human oligodendrogliomas is warranted. It is possible that the related HSA 1p/ 19q translocation event may occur in the dog without incurring any genomic imbalance, which would be undetectable by aCGH analysis. Investigation of this hypothesis will require targeted cytogenetic analysis of a larger case series of canine oligodendroglioma interphase nuclei or chromosome preparations with dog markers selected from these chromosome regions.
While these key hallmarks of human gliomas did not appear to be highly conserved in canine gliomas, several recurrent chromosome aberrations were shown to be characteristic of the dog counterpart but with no apparent conservation in human patients. The most striking of these was gain of CFA 34, evident in 79% of gliomas, which shares conserved synteny with HSA 3qtel. While gain of the entire long arm of HSA 3 is not a common event in astrocytoma, the subregion HSA 3q26-q27 has been highlighted as a small scale aberration associated with recurrent genomic gain in human patients [4] that may harbor an as-yet unidentified oncogene. This comparative correlation thus invites more detailed assessment. There is no obvious evolutionary-based explanation for the majority of the gross chromosome aberrations that were observed in 40% of dog cases; however, as with the characteristic losses of CFA 17 and CFA 27 in meningiomas, their non-random nature indicates a strong likelihood that they have biological relevance, and clearly merits further investigation.
Genome architecture of the dog may aid determination of minimal regions of significance It was evident in the present study that despite profiling at *1 Mb intervals, the vast majority of genomic imbalances in both canine meningiomas and gliomas involved whole chromosome gains and losses. The dog genome comprises 38 pairs of acrocentric/telocentric autosomes, ranging in size from 125 to 26 Mb, plus a pair of bi-armed sex chromosomes [58] . The human genome is packaged into 22 autosomal pairs ranging from 247 to 47 Mb in size (NCBI Build 36.1, http://genome.ucsc.edu), with a combination of metacentric, submetacentric and acrocentric morphologies, plus bi-armed sex chromosomes. The largest dog chromosome (CFA 1) is smaller than HSA 12, and with the exception of CFA 1-5, all dog autosomes are smaller than HSA 18 [59] . Considering that intracranial tumors in human patients frequently demonstrate extensive regions of genomic DNA copy number imbalance (whole chromosomes and chromosome arms), it seems reasonable to expect similarly large regions to be detected in comparable studies of canine patients. With the dog genome packaged into a higher number of smaller, single-armed chromosomes, such changes would be predicted to manifest predominantly as whole chromosome gains and losses, as was observed in the present study. Thus the contrasting structural organization of the dog and human genomes offers tremendous opportunities for refining conserved regions of tumor-associated genomic imbalance, identifying new candidate genes and developing novel diagnostic, prognostic and therapeutic targets. It is interesting to note that in contrast to our findings in dog intracranial tumors, our ongoing studies of other dog cancers, including lymphomas, leukemias, soft tissue sarcomas and osteosarcomas, show that, as in their human counterparts, partial chromosome gains and losses, and amplifications and deletions of genomic regions\10 Mb in size (particularly surrounding sites of known oncogenes and tumor-suppressor genes) are frequent events. Although this may in part reflect the greater number of higher-resolution human cytogenetics studies of these tumor types as compared to intracranial neoplasms, it will be interesting to establish whether these observations persist in future studies.
The dog as a cytogenetic model for gene discovery in intracranial tumors
In recent years the increasing resolution and throughput of microarray-based CGH analyses have generated extensive data regarding recurrent genomic copy number changes in human intracranial tumors. We now recognize certain key molecular events involved in the progression of low to highgrade tumors, and have some ability to provide more accurate and refined diagnoses on the basis of presence or absence of specific genomic aberrations. A molecular approach to classification now enables us to categorise many tumors into major groups that correlate with histological and prognostic factors, based on the presence or absence of a small number of specific and in part, mutually exclusive, genomic changes (for example [60] ). However, it is clear that our understanding is far from complete. We have yet to develop fully comprehensive means for molecular subclassification, to establish the precise cause of non-random genomic changes, and to understand fully their effect on cell cycle regulation. Although by no means without exception, there is evidence for correlation between chromosomal copy number gains and increased expression of key regulatory genes encoded within those genomic regions (for example [61, 62] ); however the relationship between tumor-associated genomic copy number status and gene expression levels also remains to be fully understood, in part due to the paucity of studies in which both parameters have been evaluated on the same case series.
Towards addressing these key questions, we have shown that as with human patients, dog intracranial tumors present with a diverse range of recurrent chromosome aberrations, a proportion of which show evidence for association with specific tumor subtypes. Our data show that a subset of these highly recurrent aberrations appear as orthologous counterparts in both species, suggestive of an evolutionarily conserved genetic etiology that merits further evaluation. Interestingly, however, several of the key hallmark chromosome aberrations encountered in human populations, particularly deletion of HSA 22 in meningiomas, gain of HSA 7p in astrocytomas and loss of HSA 1p/19q in oligodendrogliomas, were not highly conserved as gross genomic imbalances in the corresponding canine tumors. Conversely, we identified highly recurrent CNAs in dog tumors that have not been reported as characteristic of the corresponding human tumor. Analysis of a greater number of cases will indicate whether these patterns are upheld in a more extensive case series. Using the results of the present study, we may now embark upon aCGH-directed cytogenetic analysis of larger cohort, utilizing strategically-selected genomic loci representing non-random CNAs worthy of special attention. The application of these genomic markers to retrospective case series with known clinical outcome will enable assessment of the potential prognostic significance of the corresponding chromosome aberration, while continued assessment of prospective cases will be necessary in order to evaluate in detail the role of structural chromosome defects in tumorigenesis.
It is possible that there is greater evolutionary conservation in the structural rather than numerical changes that occur in both dog and human tumors; however in the absence of associated genomic imbalance these aberrations are intractable to high-throughput aCGH methods and are thus less readily characterized. It is evident from the literature that independent studies of the same cancer frequently reveal highly discordant cytogenetic profiles, which can be attributed in part to differences in study design and application. Two hypotheses have been proposed recently to explain these findings [63] ; firstly that a vast multitude of different genomic regions may be involved in tumorigenesis and that each case series will identify a varying combination of these regions. A contrasting hypothesis suggests that the majority of recurrent chromosome aberrations reported thus far are effectively random events, occurring secondary to a small number of (largely already known) key causative changes that may become masked by this vast excess of genomic 'noise'. Recent work, taking into account the incidence, physical extent and the amplitude of copy number aberrations, points to the latter being the more likely explanation, at least for the glioma genome. It is therefore possible that in both human and dog tumors, the more extensive genomic imbalances mask smaller, more subtle aberrations that, while neither widely reported nor well characterized, may be more intimately associated with the biological behavior of the tumor. Based on the findings of the present study, we propose that comparative cytogenetic profiling of dog and human intracranial (and other) tumors will enable this hypothesis to be examined in greater detail, by revealing the evolutionarily-conserved subset of genomic changes that are common to both species. The association of these changes with tumor histopathology and patient survival will then be crucial in translating these findings into more sophisticated means for disease diagnosis and prognosis. Extension of these studies to the targeted analysis of canine cases based on their cranial morphology has enormous potential to identify genetic features associated with heritable risk of tumor development. The many attributes of spontaneous dog brain tumors as a model system, combined with their immense impact on the welfare of our canine companions in their own right, suggests that such an endeavour would represent a classic example of the synergy afforded by the 'one medicine' concept of biomedical research.
